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The Mars 2020 rover has very strict contamination control requirements in order to prepare

samples for a potential Mars Sample Return. It is known that the rover will outgas a low-level of

molecular contaminant on the surface of Mars, and numerical simulations using STAR-CCM+

are performed in order to predict the magnitude of the contaminant deposition to the Martian

surface in the vicinity of the rover. This is done in order to determine whether or not the M2020

rover could self-contaminate a potential sampling site if it were to remain in the same location

for a long period of time. Simulations are performed under a variety of surface conditions, and

it is determined that the predicted level of molecular contaminant deposition to the surface

near the rover will not be a significant factor in the overall sample contamination budget.

Nomenclature

D = Binary diffusion coefficient, m2/s

î, ĵ, k̂ = Unit vectors in the x, y, and z directions, respectively

L = Characteristic length-scale, m

M2020 = Mars 2020

MMRTG = Multi-Mission Radioisotope Thermoelectric Generator

MSL = Mars Science Laboratory

µ = Dynamic viscosity, kg/(m·s)
µ̃ = Turbulent dynamic viscosity, kg/(m·s)
ν = Kinematic viscosity, m2/s

φ = Passive scalar volume fraction

P̃r = Turbulent Prandtl number

RANS = Reynolds-Averaged Navier-Stokes

Re = Reynolds number

ρ = Gas density, kg/m3

Sc = Schmidt number

S̃c = Turbulent Schmidt number

θ = Wind direction

TOC = Total Organic Carbon

U = Magnitude of characteristic free-stream velocity, m/s

WEB = Warm Electronics Bay

xv, yv = x and y coordinates of centroid of the two rover vents, m

zg = z coordinate of ground plane, m

I. Introduction

O
ne of the primary scientific objectives of the next NASA planned Mars rover, Mars 2020 (M2020), is to acquire and

cache Martian surface samples for potential Mars sample return.∗ For both scientific integrity and planetary pro-

tection reasons, acceptable contamination levels for the acquired samples are lower than any previous Mars mission [1].

Level one requirements state that the Total Organic Carbon (TOC) level of contamination per sample tube shall be less

∗Engineer, Entry, Descent, & Landing and Formulation Group, 4800 Oak Grove Drive, M/S: T1708-112, Member AIAA.
†Technologist, Principal, Propulsion, Thermal, & Material Systems Group, 4800 Oak Grove Drive, M/S: 125-109, Senior Member AIAA.
∗https://mars.nasa.gov/mars2020/, accessed 10/20/2017.
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than 150 ng, and each sample tube has a cross-sectional area of ∼ 1 cm2. This contamination requirement represents

an integrated quantity that includes contaminant deposition during spacecraft fabrication, assembly, launch, cruise,

surface operations, and then a return trip to earth. As such, even potential molecular contamination of sampling sites

due to the proximity of the rover must be considered, and this work presents results from modeling possible molecular

contamination of a drill site due to contaminants outgassing from the M2020 Rover during surface operations on Mars.

This paper provides an overview of the operational scenario of interest for this work, discuss the modeling approach

and assumptions used, and then provides a discussion of the simulation results.

Fig. 1 Mars 2020 Rover rendering. Photo credit: NASA (https://mars.nasa.gov/mars2020/mission/

rover/, accessed 10/20/2017.)

II. Background
Primarily due to warm electronics located inside of the rover in the Warm Electronics Bay (WEB), some amount

of material outgassing is expected to occur while the rover operates on Mars. Based on tests performed on Earth, an

expected molecular outgassing rate from the rover is known. In addition, strict design requirements are levied on the

rover to limit the maximum amount of outgassing that will occur. The detailed tracking of possible contaminants is

standard for Mars surface missions, and an example analysis for the Mars Science Laboratory (MSL) mission can be

found in [2].

Figure 2 depicts the basic operational scenario of interest for this work. When the rover is operating on Mars,

molecular contaminants generated inside of the rover are expected to exit the rover chassis through two vents - one

located on the aft end of the rover, and one located on the port side of the rover. Once the contaminants have left the

confines of the rover chassis, they are expected to advect away from the rover due to surface winds, and to diffuse due

to concentration gradients. Depending on wind direction and location of the rover, it is therefore possible for molecular

contaminants to be deposited on a possible sampling site. Martian surface winds have been characterized during

previous missions (for example, see [3–5]), and experimentally measured wind speeds will serve as the foundation for

initial conditions for this study.

If deemed necessary, the M2020 Rover will loiter up to 100 sols near a potential sampling site of interest. It is

assumed that the rover turret would be in the vicinity of the potential sampling site so that the instruments housed on

the M2020 turret can be used to investigate the side of interest. Specifically, flight rules state that with the rover turret

within 0.5 m of a potential coring site, the rover could possibility remain in the same location for up to 50 Martial sols,

and up to 100 Martian sols for the turret within 10 m of a potential coring target. This operational configuration is the

basis for the assumed geometry of the simulations presented in the following sections, where the wind primarily flows

over the back of the rover towards the deployed turret, which convects the contaminant closer to a possible sampling

site, as shown in Fig. 2.

Based on the predicted level of surface contamination from this work, it will be decided whether or not an operations

requirement will have to be created to limit how long the rover can remain close to a possible sampling location before

the sampling site is deemed to have been unacceptably contaminated by the rover.
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Fig. 2 General schematic of contamination scenario considered. In this schematic, a possible sampling site is

directly downstream of the rover, though this work looks at the predicted contamination deposited in a large

area close to the rover and not just directly downstream, and also varies the direction of the surface wind.

III. Numerical Model
The subject of passive scalar advection/diffusion in turbulent wakes is a field that contains a rich set of complex

physics, and has been studied with great scientific rigor in the past (for example, see [6–9]). However, in this work,

an engineering approximation is required to predict the amount of contaminant that will be deposited on the Martian

surface in the vicinity of the M2020 rover. Ie, factors of ∼10 in overall mass deposition are quite significant, but factors

of ∼ 2 are likely insignificant assuming the predicted mass deposition to the surface is small enough. Furthermore, the

complex geometry of the rover itself and the asymmetric locations of the vents that act as sources for the contaminant

(Fig. 3) introduce geometrical complications that are rarely considered in canonical research problems.

With these considerations in mind, the commercial CFD package STAR-CCM+† is used for this work. A steady

state incompressible (density variations only due to temperature) coupled flow and energy solver is used for this

work. The flowfield is solved concurrently with an advection/diffusion equation to model the transport of molecular

contaminants near the rover, which is modeled numerically as a passive scalar. In order to account for small oscillations

after convergence is achieved, results shown in this work have been averaged over many iterations. Simple verification

problems were solved originally (flow around a sphere and 1D unsteady diffusion) in order to ensure that the numerical

methods were producing expected results for canonical problems. This section provides an overview of the numerical

modeling approach used.
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Fig. 3 Image of the MSL rover taken at NASA/JPL. The portside vent can clearly be seen, and the aft vent is

located on the back of the rover, which is not visible in the image. These two vents are considered to be the only

sources of a passive scalar for this work.

A. Numerical Domain

Figure 4 shows a schematic of the numerical domain used in this work. Standard M2020 spacecraft coordinates are

used, such that the x-axis runs from the front to the back of the rover, with the aft end of the rover located on the −x side,

and the front of the rover (where the deployed turret is located) on the +x side (Fig. 5). The origin of the coordinate

system is located roughly at the centroid of the rover. A cylindrical domain is used, with the −x curved surface being

the inlet, and the +x surface being the outlet. The ground plane, zg, is located at zg = 1.13 m, with the z-axis oriented

in the direction of gravity. The y-axis is chosen to define a standard right-handed set of orthogonal coordinates. A

top-plane is also included, though not shown in Fig 4. Table 1 gives a summary of the numerical boundary conditions

applied to the domain surfaces (see section III.B for a description of the rover boundary conditions used).

The numerical domain has a diameter of 50 m, which corresponds to ∼ 25 characteristic rover lengths, as the

M2020 rover is ∼ 2 m x 2 m x 2 m. The height of the domain is 15 m. Therefore, the min/max spatial coordinates in

the domain are x: [-25.0, 25.0] m, y: [-25.00, 25.00] m, and z: [-13.87, 1.130] m. This relatively large domain is used

in order to minimize the effect that the boundaries will have on the flow field near the rover.

Table 1 Summary of numerical boundary conditions applied.

Surface STAR-CCM+ Boundary Parameters

Inlet Velocity Inlet Flow inlet with user specified velocity profile (see Sec. III.D)

Outlet Pressure Outlet Outlet surface with extrapolated backflow properties when needed

Ground Plane Wall No-slip adiabatic surface with a passive scalar concentration of 0

Top Plane Pressure Outlet Outlet surface with extrapolated backflow properties when needed

B. Rover Geometry

A simplified M2020 rover model (Fig. 5) is used in order to retain all major components of the M2020 rover, yet

reduce the amount of geometric complexity present so that the model is still numerically tractable. The majority of the

†https://mdx.plm.automation.siemens.com/star-ccm-plus, accessed 5/1/2018
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Fig. 4 Numerical domain used in this work. A 50 m diameter cylindrical domain is used in order to ensure

that there is an adequate distance between the rover and domain boundary.

surfaces of the rover are defined to be no-slip adiabatic walls with a specified passive scalar flux of zero. However, as

M2020 is powered by a Multi-Mission Radioisotope Thermoelectric Generator (MMRTG), which converts heat into

electrical power, some surfaces on the rover are expected to be hot, and these are discussed in Sec. III.B.1. The two

vents, which are assumed to be the only sources of contamination in this work, are discussed in Sec. III.B.2.

1. Radioisotope Thermoelectric Generator (RTG) Hot Surface

The M2020 Rover will use the same MMRTG power source as the MSL Rover, which provides an electrical power

output of approximately 110 W [10]. While the temperature of the MMRTG is expected to vary based on local

temperature (which can be landing site dependent), wind speed, di-urnal, and seasonal variation, etc., in this work a

constant isothermal temperature is assumed for the MMRTG cylinder and fins, as illustrated by Fig. 6. While MSL

flight data [11, 12] shows that MMRTG temperatures can vary significantly, a conservative bounding lower temperature

of 115◦C is chosen, which is well below any MSL observed temperatures. As the hot MMRTG induces a buoyant gas

plume, this causes streamlines around the rover to move away from the Martian surface, which in turn convects possible

Fig. 5 Simplified M2020 rover model used for this work. All major components have been retained, though

some of the small features seen in Fig. 1 and 3 have been ignored for computational considerations.

5



Fig. 6 Simplified M2020 rover model with MMRTG surfaces (115◦C) shown in red. The rest of the rover model

is made translucent to show the 3D nature of the MMRTG.

contaminants away from the surface. Therefore, the hotter the MMRTG is, a lower amount of contamination will

be deposited on the surface. Conversely, not accounting for MMRTG induced buoyancy could cause an nonphysical

over-prediction of the amount of contaminant expected to be deposited on the Martian surface in the vicinity of the

rover.

2. Contamination Sources

As previouslydiscussed, the WEB is the primary source of contamination considered in this study. There is a M2020

requirement (that is verified via test) that the outgassing through the vents shall be less than 100 ng/(cm2·hour). This

worst-case value is used in this study, and worst-case outgassing is expected to occur when Mars surface temperatures,

and subsequently WEB temperatures are high (relative to average Mars surface temperatures). All components of the

M2020 Rover will go through bakeout cycles before launch in order to significantly reduce the amount of contaminant

that can outgas on the surface of Mars. Because of this, it is assumed that only larger hydrocarbons outgas on Mars, as

smaller molecules would have been depleted during earlier contamination bakeout processes.

Using transport properties given in [13], the binary diffusion coefficient (D) can be estimated for non-polar gases as

a function of temperature and pressure. A conservatively small characteristic n-alkane of C5H12 is chosen, which, for

the conditions used in this work, gives a binary diffusion coefficient of 6 ·10−4 m2/s into CO2. Temperature dependence

of the binary diffusion coefficient is not accounted for in this work, as a large temperature gradient in the gas only exists

in a small region. The contaminant is assumed to leave the rover chassis through two vents, shown for the numerical

model in Fig. 7.

Due to the relatively low concentration levels of this contaminant in the flow,the contaminant is modeled numerically

as a passive scalar (with a volume fraction of φ), i.e., assuming that the contaminant does not alter the bulk atmospheric

gas properties in a significant manner, so that a multi-component gas mixture does not have to modeled numerically.

C. Meshes

The computational mesh used in this study is generated primarily to try to resolve the ground plane boundary layer,

boundary layers over the rover surfaces, and the wake region behind the rover. The STAR-CCM+ polyhedral meshing

algorithm is used in conjunction with a prism layer algorithm to generate all meshes used in this work. With the large

numerical domain shown in Fig. 4, only two meshes are used to perform a pseudo-mesh refinement study. The first

mesh contains ∼ 9.6 · 106 cells and the second, more refined mesh, contains ∼ 2.6 · 107 cells. For a characteristic

free-stream velocity of 1.4 m/s no significant difference in mass flux of contaminant to the ground is observed between

the two meshes. However, as will be discussed in Sec. IV.A, in order to accommodate an increased free-stream velocity,

and for consistency when comparing results, all results presented in later sections are generated using the most refined

mesh. The refined rover surface mesh used is shown in Fig. 8, and the entire domain mesh with a center-plane cut is

shown in Fig. 9.
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Fig. 7 Simplified M2020 rover model with vent surfaces shown in yellow (left: port vent, right: aft vent). These

surfaces are contanimant (passive scalar) sources in the numerical simulations.

Fig. 8 Simplified M2020 rover model with the refined surface mesh shown.
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Fig. 9 Snapshot of overall domain with surface meshes shown on the rover, ground plane, domain outlet, and

a center-plane section cut.

D. Initial Conditions

The physical scenario of interest for this work is a Martian surface wind blowing over the M2020 rover. In

order to stay consistent with the assumed high WEB contaminant outgassing values, a relatively high ambient Mars

temperature of 10◦C (283 K) is assumed for this work. This high temperature also reduces the temperature difference

between the free-stream and hot MMRTG surfaces. A free-stream pressure of 1070 Pa is assumed, and for simplicity,

a 100% CO2 gas mixture is assumed. Using the ideal gas law, this results in a density of 0.02 kg/m3. Based on

previous measurements (for example [14]) CO2 is the primary constituent in the Mars atmosphere (∼ 96% by volume).

Neglecting the other trace species in this work will not have a significant affect on the quantities of interest being

investigated as the gas bulk mixture properties are dominated by the CO2 content. The standard Sutherland’s law is

assumed for dynamic viscosity and gas thermal conductivity, and a polynomial fit based on temperature is used for gas

specific heat. The free-stream value for dynamic viscosity is 1.76 · 10−5 Pa-s. Mars gravity is assumed to be 3.711

m/s2, and due to the reference frame chosen for this work, gravity acts in the +z direction.

A simple logarithmic wind boundary layer profile is assumed for this work with values extracted from viking wind

data.‡ An inlet velocity profile of

U(z) = U(zref )
log(|z − zg |/z0)

log(zref /z0)
(1)

is used, where U(z) is the magnitude of the free-stream velocity, zref is a characteristic measurement height based on

the Viking lander instrument suite (1.6 m), and z0 is the surface roughness scale height, assumed to be 0.01 m in this

work. As the wind speed on Mars is not constant, a variety of different values for U(zref ) can be chosen.

Two different values of U(zref ) are used in this work: 1.4 m/s and 5.0 m/s. 1.4 m/s corresponds to a ∼ 10%tile

surface wind, and 5.0 m/s corresponds to a ∼ 65%tile wind based on Viking data. Depending on how far away from

a potential sampling site the rover is, a low-speed or high-speed wind could provide a larger amount of contamination

deposition to the area of interest. The direction of the free-stream is also varied in this work, thought it is primarily

aligned with the x-axis. The angle of attack (AoA) is taken to be in the x − y plane for this work (roll plane of the

rover), with a positive AoA defined to be a counter-clockwise rotation from the x-axis to the y-axis. With a positive

angle of attack, the port-side vent moves closer to the stagnation point of the flow, and with a negative angle of attack

the port-side vent moves closer to being in the rover wake. A summary of the initial conditions used for the flow is

shown in Table 2.

E. Turbulence Modeling

For characteristic velocities (U) of 1.4 m/s and 5.0 m/s, a characteristic length (L) of 2 m, a kinematic viscosity (ν)

of 8.8 · 10−4 m2/s, the predicted Reynolds numbers (Re = U ·L
ν

) are Re ≃ 3000 and Re ≃ 1000 for the two different

characteristic free-stream velocities, respectively. This puts the flow in a regime where an unsteady turbulent vortex

street is expected to be observed in the wake [15]. It should be noted that the local Re around different individual

geometrical features is likely to be lower, i.e., if the characteristic lengthscale was chosen to be the mast diameter.

However, these lower Re areas are still expected to generate an unsteady vortex street, though the flow may be in a

‡http://www-k12.atmos.washington.edu/k12/resources/mars_data-information/data.html, accessed 5/3/2018.
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Table 2 Summary of initial fluid conditions used.

Property Value(s)

Temperature (K) 283

Pressure (Pa) 1070

Density (kg/m3) 0.02

U(zref ) (m/s) 1.4, 5.0

AoA (◦) 0◦, ±5◦, ±15◦, ±30◦

Fig. 10 Contour plot showing calculated y
+ values on the ground plane and rover surface for U(zref ) = 1.4 m/s,

and 0◦ angle of attack.

transitional state).

Due to the engineering nature of this problem, both steady-state laminar and turbulent simulations were completed

for the same initial conditions. Both the Realizable K-Epsilon Two-Layer Reynolds-Averaged Navier-Stokes (RANS)

turbulence model and the SST(Menter) K-Omega RANS turbulence models were used in preliminary simulations with

default coefficients, with meshes resolving y
+ ≃ 1. Simulations with the K-Epsilon model were found to predict the

largest amount of contaminant mass deposition to the surface, so this model was used for all results presented in Sec. IV.

Constant turbulent Prandtl (P̃r) and Schmidt (S̃c) numbers of 0.9 are assumed in the flow.

IV. Results
This section provides a summary of results generated to date based on the initial conditions discussed in the previous

section. Rover surface y
+ will be presented to give a quantitative measure of the mesh resolution attained in this study,

and then both flow field properties and contaminant mass deposition results are showed.

A. Mesh Size and Computations

Figures 10 and 11 show calculated y
+ values on the ground plane and rover surface for the refined mesh (∼ 2.6 ·107

cells) for characteristic free-stream velocities of 1.4 m/s and 5.0 m/s, respectively. An AoA of 0◦ is used in both of

these cases. The maximum y
+ values observed on the rover are 1.9 and 3.7 for the two different free-stream velocities.

y
+ values > 1 are generally only see in local stagnation regions and in areas where flow separation is expected to

occur, which gives confidence in the mesh resolution used. Computations are run locally at JPL using 240 cores on the

Zodiac cluster. After 1,000 iterations (when a converged solution is reached), the results presented below are averaged

over 9,000 additional iterations. While less relevant when RANS turbulence models are being used, with preliminary

laminar simulations, oscillations were observed in the solution (likely due to unsteady vortex shedding), and an average

solution over several flow cycles was desired in order to give a relevant averaged result. These oscillations in residuals

are generally not seen once a turbulence model is enabled.
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Fig. 11 Contour plot showing calculated y
+ values on the ground plane and rover surface for U(zref ) = 5.0 m/s,

and 0◦ angle of attack.

Fig. 12 Mean velocity vectors colored by velocity magnitude along the center-plane of the domain for AoA = 0◦

and U(zref ) = 5.0 m/s. Two primary re-circulation regions above the rover deck and downstream of the turret

can be seen.

B. Flow Field

For brevity, this section only shows sample results for a free-stream characteristic velocity of 5.0 m/s, and a 0◦ AoA.

Figure 12 shows velocity vectors colored by velocity magnitude along the center-plane of the domain which means

that the three-dimensional nature of the flow field is not shown. As expected, re-circulation zones are visible near the

rover top-deck and behind the deployed turret. Figure 13 shows the relatively small region where the gas temperature

has increased due to the hot RTG surfaces in the simulation. A cut of the center-plane of the domain is shown where

the gas temperature is between 284 K and 388 K. The hot MMRTG surface is shown in red.

Qualitatively, varying the angle of attack of the flow and flow velocity does not change the major features observed

in the flow solution (standard bluff body flow phenomena). However, and this will be discussed in more detail in

the next section, due to the complex geometry of the rover and the location of the vents, the overall deposition of

contaminant to the surface is sensitive to streamlines near the vents traveling either under the rover chassis or over

the rover top-deck. If these streamlines, which generally correspond to regions of the flow with a relatively high

concentration of contaminant, travel beneath the rover, then the contamination is convected closer to the ground plane,

which will increase the mass deposition levels observed in the rover wake.

C. Contamination Concentrations and Mass Deposition

The quantity of interest in this study is the mass flux of the passive scalar (molecular contaminant) to the surface.

As discussed previously, the ground plane has a boundary condition set to 0 concentration of passive scalar, which

means that no contaminant accumulates on the surface. The magnitude of the diffusion mass flux to the surface ( Ûm) is

10



Fig. 13 Gas temperature along the center-plane of the numerical domain for AoA = 0◦ and U(zref ) = 5.0 m/s.

The gas termperature contour is clipped so that only areas of the flow with 284 K≤ T ≤ 388 K are shown. The

hot RTG surface is shown as well.

Fig. 14 Simulation results for AoA = 0◦ and U(zref ) = 5.0 m/s. Streamlines eminating from the rover vents

and contaminant concentration along the center-plane is shown. It is possible to see some of the streamlines

which travel under the rover and closer to the surface.

desired, which can be calculated from

Ûm = −
(

µ

Sc
+

µ̃

S̃c

)

∇φ · k̂, (2)

where µ is the dynamic viscosity, µ̃ is the turbulent viscosity, and k̂ is the unit vector in the z direction. The mass

flux due to convection is 0 due to the ground plane being a no-slip/no-penetration wall, and in the coordinate system

used, Ûm should be positive when mass is deposited on the surface. The mass diffusion flux has standard units of

kg/(m2·s), though for the majority of the rest of this work, results will be presented using units of ng/(cm2·sol) in order

for comparisons relevant to M2020 timescales and length scales to be made in a simple manner. One Martian sol (day)

is taken to be 24 hours, 39 minutes, and 35.244 seconds. Due due to low value of the binary diffusion coefficient of

the contaminant under Mars conditions, turbulent mixing drives the evolution of the contaminant field, and not pure

mass diffusion.

Figures 14 and 15 show streamlines emanating from the contaminant vent surfaces as well as the concentration of

the contaminant along the center-plane of the domain for the 5 m/s characteristic free-stream velocity with 0◦ angle of

attack. The ground plane is colored by predicted mass deposition to the surface. Some streamlines travel beneath the

rover which indicates that some of the contaminant is initially convected close to the surface, which causes an increased

amount of contaminant to be deposited to the surface.

Sample mass deposition contour plots for a characteristic free-stream velocity of 5 m/s, and wind angles of -30◦,
0◦, and 30◦, are shown in Figs. 16–18. STAR-CCM+ results generated on an unstructured grid on linearly interpolated

onto a cartesian grid with equal spacing with 501 points in each of the x and y directions. Dashed circles are plotted

at a radius of 5 m and 10 m from the center of the rover for scale. The direction of the free-stream is also shown, and
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Fig. 15 Simulation results for AoA = 0◦ and U(zref ) = 5.0 m/s. Streamlines eminating from the rover vents and

contaminant concentration along the center-plane is shown. A relatively small growth in the vertical direction of

the contaminant profile is seen downstream due to the relatively small amount of molecular diffusion occuring

before the flow exits the domain.

an approximate rover outline (with vents indicated) is shown in green.

Fig. 16 Predicted contaminant surface mass deposition contour plot for AoA = −30◦ and U(zref ) = 5.0 m/s.

The free-stream direction is shown by the yellow arrow, and an approximate outline of the rover and turret is

shown in green (with vents noted). Circles showing 5 m and 10 m distances from the origin.

In order to compare the effect of free-stream angle of attack on the two wind speeds considered, Figs. 19 and 20

show integrated mass deposition (not flux) values as a function of radius (calculated to ensure conservation of

mass in the domain). Radius is defined as the distance to the origin based on the centroid of the two vents (r =
√

(x − xc)2 + (y − yc)2). High angle of attack flows (both in the positive and negative direction) generally have the

highest total mass depositions to the surface. This is primarily attributed to the location of the port vent, as for the

AoA = ±30◦ wind directions, the port-side vent is located closer to either the wake or the stagnation region of the

rover (compared to the 0◦ wind direction). With this flow/rover alignment, the port-vent streamlines, and therefore

contaminant, are convected closer to the ground, which ends up increasing the level of mass deposition for these wind

angles.
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Fig. 17 Predicted contaminant surface mass deposition contour plot for AoA = 0◦ and U(zref ) = 5.0 m/s. The

free-stream direction is shown by the yellow arrow, and an approximate outline of the rover and turret is shown

in green (with vents noted). Circles showing 5 m and 10 m distances from the origin are shown for scale.

Fig. 18 Predicted contaminant surface mass deposition contour plot for AoA = 30◦ and U(zref ) = 5.0 m/s. The

free-stream direction is shown by the yellow arrow, and an approximate outline of the rover and turret is shown

in green (with vents noted). Circles showing 5 m and 10 m distances from the origin are shown for scale.
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Fig. 19 Integrated contaminant deposition profiles as a function of radius for U(zref ) = 1.4 m/s.
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Fig. 20 Integrated contaminant deposition profiles as a function of radius for U(zref ) = 5.0 m/s.
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D. Spatial Averaging

As shown in [5], MSL has measured significant variance in both wind direction and speed throughout its mission

thus far. The simulations presented so far have only been for discrete wind directions and velocities. In order to

evaluate the potential contamination risk to a drill site due to the M2020 rover loitering in a single location, timescales

on the order of 50 or 100 sols are of interest. This implies that some spatial averaging of the results presented in the

previous section should be performed in order to account for the constantly changing Martian surface winds.

The wind environment that the M2020 rover will experience is expected to influenced by many factors, including

(but not limited to) seasonal variations, diurnal effects, and geographic effects (both depending on landing site selection,

and local terrain features). Due to impracticality of trying to model all of these complex phenomena, a simplified

approach is taken.

Wind direction variability is modeled using a normal distribution with a probability density given by

f (θ) = 1
√

2πσ2
e
− (θ−ξ )2

2σ2 , (3)

where θ is the wind direction, ξ is the mean wind angle, and σ is the standard deviation of the wind direction in degrees.

While data in [5] shows a relatively large angle variability in wind direction, here a conservative standard deviation of

15◦ is assumed.

Discrete numerical results now need to be spatially averagedwhile still conservingmass from the original simulation

results. The algorithm is first described assuming only one numerical simulation at θo has been completed, and then

will be extended to incorporate results from multiple numerical at multiple angles. θ is linearly discretized where

θ = [θ1, θ2, ..., θi, ..., θn−1, θn], where n = 1000, θ1 = ξ − 6σ and θn = ξ + 6σ. In order to enforce discrete mass

conservation, a numerical weighting coefficient, ψ, is used to ensure
n
∑

i=1

ψ f (θi) = 1.

Let Ûmn,θ (x, y) correspond to numerical results for a wind angle of θ linearly interpolated onto a cartesian mesh,

still with units of ng/(cm2·sol). Let m̄ξ,σ(x, y) correspond to the averaged contaminant mass flux field for a mean wind

angle of ξ and a wind direction standard deviation of σ. Therefore, a spatially averaged contaminant deposition field

can be represented by

m̄ξ,σ(x, y) =
n
∑

i=1

ψ f (θi) Ûmθi (x, y). (4)

However, in this example, numerical results are only available for θ = θo, ie Ûmn,θo (x, y). To account for this, Ûmθi (x, y)
is calculated by a solid-body rotation of the original Ûmn,θo (x, y) solution by a rotation angle, θr , of θr = θi − θo. With

x = rcos(θ) and y = rsin(θ), then Ûmθi (x, y) = Ûmn,θo

(

cos(θr )x + sin(θr )y,−sin(θr )x + cos(θr )y
)

Numerically, the

rotated contaminant mass deposition field is project back onto the original cartesian mesh using 2D linear interpolation.

As multiple numerical simulations have been completed, it is possible to combine these results for a given θi . For

example, assume that numerical simulations have been completed at angles θα and θβ , and θα < θi < θβ. In this

scenario, Ûmn,θi (x, y) is calculated by rotating Ûmn,α(x, y) by θr = θi − θα and by rotating Ûmn,β(x, y) by θr = θi − θβ and

the summing the two resulting rotated contaminant mass flux fields using appropriate weighting coefficients based on

a linear interpolation in θ. If θi is outside of the range of numerical simulations completed (θi < −30◦ or θi > 30◦ for

this study), then no linear interpolation is used, and the numerical results with θ = ±30 are rotated accordingly. With

this methodology simulations with differing characteristic free-stream velocities are analyzed separately.

Figures 21– 26 show this method for a characteristic free-stream velocity of 1.4 m/s, ξ = [−30◦, 0◦, 30◦], and

σ = 15◦, and results for a characteristic free-stream velocity of 5.0 m/s, once again with ξ = [−30◦, 0◦, 30◦], and

σ = 15◦.

V. Discussion and Future Work
Even with the conservative assumptions used in this work, the predicted mass deposition of contaminant to the

surface in the vicinity of the M2020 is relatively low. In terms of a localized predicted peak deposition, Fig 24 shows a

localized maximum value of ∼ 6 ng/(cm2·sol). If a Mars surface wind maintained the same velocity, mean angle, and

relatively narrow direction variance continuously for 100 sols, then a maximum of 6 ng of organic contaminant could

accumulate on a potential sampling site (assuming 1 cm2). This is only 4% of the original 150 ng contaminant budget

per cached sample, and can easily be accommodated in the overall contaminant budget.

Furthermore, a strong diurnal effect is expected to be seen with wind direction, and the wind is expected to change

by ∼ 180◦ between a Martian day and night. This would generate a bi-modal wind direction distribution, further

15



Fig. 21 Spatially averaged predicted contaminant surface mass deposition contour plot for U(zref ) = 1.4 m/s,

ξ = −30◦, and σ = 15◦.

Fig. 22 Spatially averaged predicted contaminant surface mass deposition contour plot for U(zref ) = 1.4 m/s,

ξ = 0◦, and σ = 15◦.
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Fig. 23 Spatially averaged predicted contaminant surface mass deposition contour plot for U(zref ) = 1.4 m/s,

ξ = 30◦, and σ = 15◦.

Fig. 24 Spatially averaged predicted contaminant surface mass deposition contour plot for U(zref ) = 5.0 m/s,

ξ = −30◦, and σ = 15◦.
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Fig. 25 Spatially averaged predicted contaminant surface mass deposition contour plot for U(zref ) = 5.0 m/s,

ξ = 0◦, and σ = 15◦.

Fig. 26 Spatially averaged predicted contaminant surface mass deposition contour plot for U(zref ) = 5.0 m/s,

ξ = 30◦, and σ = 15◦.
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Fig. 27 Predicted contaminant surface mass deposition contour plot for AoA = 0◦ and U(zref ) = 10.0 m/s. The

free-stream direction is shown by the yellow arrow, and an approximate outline of the rover and turret is shown

in green (with vents noted). Circles showing 5 m and 10 m distances from the origin are shown for scale.

reducing the predicted contaminant mass deposition in the areas downstream of the rover. It is expected that local

topography will have a large effect on the preferential wind direction experienced by the rover at a specific location,

but a standard deviation of 15◦ is a small change in angle when compared to many of the MSL measurements [5]. If

σ is increased, than the predicted contaminant deposition is expected to decrease linearly with σ.

The results presented used a binary diffusion coefficient for C5H12 under Martian conditions. Using [13], D can

be easily calculated for linear alkanes of C4H10–C9H10 under Martian conditions. Using a simple exponential fit for D

gives the relation D = 0.0071 · M−0.594
w , where Mw is the molecular weight of the species being considered in AMU,

and the other two constants are consistent with D having units of m2/s. The larger the hydrocarbon, the lower the

binary diffusion coefficient. Decreasing the value of D used in the numerical simulations will decrease the predicted

surface deposition of contaminant, as the first term in Eq. 2 is proportional to D.

While results for only two characteristic free-stream velocities have been presented in detail in this work, Fig. 27

shows the predicted contaminant deposition for AoA = 0◦ and a characteristic free-stream velocity of 10 m/s. As

the mesh was not changed for this simulation, increasing y+ values make it difficult to resolve all boundary layers.

However, a significant reduction in contaminant deposition is observed in the domain when compared to Fig. 17,

indicating that the increased free-stream velocity is convecting the contaminant farther downstream, and out of the area

of interest before being potentially deposited on the surface. If desired, it would be possible to combine simulation

results performed with different free-stream velocities and interpolating between them assuming a Weibull distribution

for wind velocity, which has been used in the past [16, 17].

VI. Conclusions
A variety of numerical simulations were run to investigate the possibility of a molecular contaminant from the

M2020 Rover WEB contaminating a potential sampling site in the vicinity of the rover. The molecular contaminant
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was modeled numerically as a passive scalar, and a spatial averaging process was used to conservatively account for

some of the wind variability expected to occur on the surface of Mars. Even considering potentially long rover loiter

times on Mars (50 sols for the turret within 0.5 m of a potential sampling site, and 100 sols for the turret within 10 m

of a potential sampling site), the predicted contaminant deposition values are well within acceptable levels, and do not

constitute a major component of the 150 ng/sample requirement accepted by the M2020 mission.
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